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Abstract 
An entirely solar based supply of heat for energy efficient buildings is the motivation for the activities within the research project 
SolSpaces. A solar heating system, including a sorption store for seasonal energy storage, has been developed to approach this 
objective. Sorption processes are well suited for long term energy storage, due to the quasi loss free storage of energy and the 
high energy storage density, compared to water stores. However, large sorption stores go along with some kind of challenges 
concerning the efficient supply of the stored heat. A new sorption store, subdivided into several segments, has been developed to 
meet the requirements for an efficient heat supply despite the relatively large size of the store. The segmentation leads to an 
improved operation behaviour. The segmented sorption store has been built up in full-scale in a research building for testing and 
demonstration. Experimental investigations are carried out to analyse the achievable temperature lift and charging and 
discharging power and to demonstrate the thermal performance of the store. Key parameters, such as energy storage density, will 
be determined. In this paper, the solar heating concept will be presented, focussing on the segmented sorption store. The design 
of the sorption store will be explained, experimental results and the operation behaviour will be shown and the performance will 
be discussed.  
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1. Introduction 
This day and age, when fluctuating energy sources increasingly contribute to the energy supply, the need for 
electrical and thermal energy stores, for industry and transport as well as for residential applications, is rarely 
controversial. In the field of residential buildings, thermal energy represents by far the major part of the energy 
consumption. To supply a buildings demand for thermal energy completely on a solar basis, seasonal thermal energy 
storage can serve as a promising approach. However, seasonal thermal energy stores are still rare. Commonly used 
water stores suffer from thermal losses and rather low energy storage density. In contrast, energy storage based on 
sorption processes offers a high energy storage density and an almost loss free storage over an arbitrary period of 
time. Therefore, sorption stores are well suited for long term energy storage and hence have been under wide 
investigation in recent years. Still, for large stores it is challenging to effectively provide the stored energy when 
needed. Against this background, a new design of sorption store, subdivided into several segments, has been 
developed providing an improved operation behaviour.  
A solar heating system, including the segmented sorption store, has been installed in a research building for 
testing and demonstration. This building, manufactured by the prefabricated houses company SchwörerHaus KG, 
was completely prefabricated, delivered by truck and built up close to the Institute for Thermodynamics and 
Thermal Engineering. The living space amounts to 43 m2, divided into three rooms: living room, bathroom and 
bedroom. The latter is used as a technical room within the project, containing the devices for space heating and hot 
water heating. The building is equipped with an air ventilation system that is used for space heating.  
The heating demand of the SolSpaces building has been measured during a one year monitoring in the first year 
after the buildings setup. During this time it was still equipped with conventional heating devices (i.e. heat pump 
and electrical backup heating). The space heating demand of the uninhabited building without heat recovery is 
4000 kWh [7]. Due to its dimensions, which lead to a rather large surface-to-volume ratio, the specific heating 
demand of the SolSpaces building is relatively high compared to lager buildings with the same insulation standard. 
This implies that the new solar heating system can be tested in the SolSpaces building and could subsequently be 
applied to lager buildings with similar heating demand. This is consistent with the overall objective of the research 
project: to approach an entirely solar based heat supply of energy efficient buildings.  
 
Nomenclature 
ܿ୮ heat capacity 
݀௣ particle diameter 
ߝ porosity 
ܫ௚௟௢௕ global solar radiation 
݇ଵ,݇ଶ constants for ergun equation 
L flow path 
ሶ݉ ୟ୧୰ air mass flow 
ߤ dynamic viscosity 
ο݌ pressure drop 
݌ுଶை water vapour pressure 
߂݄ୟୢୱ adsorption enthalpy 
ߩ density 
ݐ time 
ܶ temperature 
ୱܶ୲୭
୧୬  temperature at sorption store inlet 
ୱܶ୲୭
୭୳୲ temperature at sorption store outlet 
ݑஶ superficial velocity 
ሶܳ  thermal power 
ݔ absolute humidity of air 
ܺୗ water vapour load of sorption material 
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2. Materials and methods 
2.1. Concept of the solar heating system 
The core of the solar heating system is the sorption store that is operated in an open sorption process. It is 
charged in summer by solar energy from a solar vacuum air collector on the roof of the building. During the heating 
period, the building is preferentially heated with the solar air collector through the ventilation system. If the solar 
radiation is not sufficient to satisfy the demand for heat any more, the sorption store is discharged. For that purpose, 
moist air from the building is passed through the sorption store. Water vapour is adsorbed by the sorption material, 
releasing heat of adsorption. This heat serves for space heating via the ventilation system. To sum up, there are 
basically three operation modes of the solar heating system named “heating with collector”, “heating with sorption 
store” and “charging of sorption store”, see Fig. 1. Furthermore a combination of the two first-mentioned modes is 
also possible as well as simple ventilation. A more detailed description of the concept and its performance is given 
in [4]. 
 
Heating with collector Heating with sorption store (adsorption) Charging of the sorption store (desorption) 
Fig. 1. Three main operation modes of the solar heating system with sorption store 
2.2. Design of the segmented sorption store 
The sorption store is the central element of the solar heating system. For the storage of a sufficient amount of 
energy, an appropriate amount of storage material is needed. The volume of sorption material, grains of the binder-
less zeolite 13XBF with a diameter of about 2 mm, is 4.3 m3. The total store size including insulation is 8 m3. 
However a large amount of sorption material leads to an inert behavior of the store. The characteristic of the newly 
developed sorption store is the subdivision into smaller segments instead of having one large volume of sorption 
material. This segmentation offers several advantages,  
x concerning the pressure drop when air flows through the sorption material that is existent in form of a fixed 
bed of grains, 
x concerning the reachable desorption temperature or rather charging state in a limited time, 
x concerning the fast availability of heat when space heating demand arises, 
x concerning a more defined charging state, i.e. water loading of the sorption material despite a discontinuous 
adsorption. 
Altogether the segmentation leads to an improved thermal performance of the sorption store. A schematic view of 
the segmentation is depicted in Fig. 2 on the left hand side. The store is divided into four quadrants and each 
quadrant itself is subdivided into six segments. The airflow enters the store in the central duct, and leaves it through 
one of the four ducts on the vertical edges. On the right hand side in Fig. 2, a vertical cut through the store is shown. 
Two stacked segments each form a pair, and each pair of segments can be passed through by air individually. In this 
way, the segment pairs can be ad- and desorbed separately. The flow path is exemplarily shown for a middle 
segment pair in Fig. 2. The selection of the segment pairs is realized through the opening and closure of apertures in 
the outlet ducts by a slider mechanism. These are the only moving parts within the store.  
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Fig. 2. Schematic view of the segmented sorption store (left) and vertical cut through the store (right) 
 
The design of the segments has been developed with the assistance of computational fluid dynamics [5]. The 
segments have been designed flat and with a large cross sectional area to keep the pressure drop over the fixed bed 
of zeolite grains low. The filling level of one segment is 0.25 m, resulting in a short flow path through the segment, 
and the cross sectional area is 0.708 m2, leading to a low velocity. The pressure drop in one segment can be 
calculated to 13 Pa according to Ergun equation for an air mass flow rate of 85 kg/h. 
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2.3. Build-up, operation and control of the sorption store 
The segmented sorption store has been built up in full-scale in a research building for testing and demonstration. 
Impressions of the build-up phase are given in Fig. 3. Setup was in autumn so operation and monitoring started in 
the heating period i.e. the discharging or adsorption phase for the store.  
 Measurement data, such as temperatures, humidity, solar radiation, air flow rate and electrical energy e.g. for the 
two fans, is recorded at several positions in the store, in the heating system, in the building and ambience to allow a 
detailed analysis of the system. 
 
 
             
 
Fig. 3. Build-up of the sorption store in the SolSpaces building 
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A control for an automatic operation of the heating system has been developed. To give a short outline of the 
control strategy, the basic underlying principle is a classification in different heating demand levels ranging from 4 
to -2 as shown in Table 1. These heating demand levels are based on the room temperature. Positive numbers 
represent heating demand, graded from high (4) to low demand (1) and zero or negative numbers represent no 
heating demand. 
The set temperature of the room is 20 °C during the day and 18 °C at night. If the set temperature is met, 
desorption mode is unlocked and will be activated in case sufficient radiation is available for the minimum 
desorption temperature to be reached. In case of medium radiation during the heating period it is also possible to 
heat up a discharged segment pair with collector in the daytime and use the sensible heat for heating in the night. If 
the room temperature is below the set temperature, heating is activated, preferentially with collector, otherwise 
through adsorption. In case that solar heating should not be sufficient to maintain the desired room set temperature, 
an electrical backup heating (PTC) can be activated. If none of the above listed modes is selected because the 
particular conditions are not met, the system switches to a reduced ventilation with a low mass flow rate.  
 
Table. 1. Control strategy of the solar heating system 
  increasing room temperature 
 Heating demand levels  
Operation modes 
-2 -1 0 1 2 3 4 
Pr
io
rit
y 
Desorption  summer  
Preheating/sensible heat storage  winter  
Heating with collector + adsorption   
Heating with collector  winter  
Heating with adsorption  winter  
Ventilation summer   
Reduced ventilation  
Additional backup heating (PTC)    
 
 
2.4. Thermal performance of the sorption store 
The theoretical energy storage density of the sorption store has been calculated based on the isotherms of the 
sorption material zeolite 13XBF, as shown in Fig. 4. Assuming an adsorption temperature of 20 °C and a desorption 
temperature of 180 °C at a water vapour partial pressure of 10 mbar (6.55 g/kg) each, the difference of water vapour 
load in the sorption material is approximately 240 g/kg. Enthalpy of adsorption varies with the water vapour load ܺୗ 
of the sorption material. The mean enthalpy of adsorption ο݄ୟୢୱ  is assumed to be constant with a value of 
3600 kJ/kg [2] for the calculations in this work. With a bulk density of 680 kgzeolite/m3 and a mean adsorption 
enthalpy of 3600 kJ/kgH2O the energy storage density is 163 kWh/m3. Thus, the energy storage density is 2–3 times 
higher compared to hot water stores. This factor increases as storage time is considered. Assuming an exemplary 
storage time of two weeks and a hot water store of the same size (same amount of water and same total store size) 
with a heat loss rate of 5 W/K, this factor increases to 5. For a storage time of four weeks the factor would be 11. 
The dimensioning of the sorption store has been done based on the measured heating demand of the SolSpaces 
building from the first monitoring year, where the building was still equipped with conventional heating 
components. Thus the storage volume is 4.3 m3, resulting in an energy storage capacity of 700 kWh. 
The coverage of the yearly heating energy demand with the solar heating system has been predicted based on the 
measurement data of the SolSpaces building from the first monitoring year. According to this calculation the 
coverage in January and December is 85 % and 87 % respectively, and 100 % in the other months of the year. This 
corresponds to 94 % yearly coverage [7]. In this scenario 850 kWh are taken from the sorption store, i.e. a cycle 
number of 1.2. To provide 850 kWh 2 ½ segment pairs have to be desorbed in the heating period.  
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Fig. 4. Isotherms of the sorption material zeolite 13XBF and water vapour [3] 
 
The thermal power output from the sorption store can be calculated according to equations 2 and 3.  
 
ሶܳ ൌ ሶ݉ ୟ୧୰ ή οݔ ή ο݄ୟୢୱ (2) 
ሶܳ ൌ ሶ݉ ୟ୧୰ ή ܿ௣ ή ሺ ୱܶ୲୭୭୳୲ െ ୱܶ୲୭୧୬ ሻ (3) 
 
The humidity in the SolSpaces building has been obtained from the first monitoring year. In the winter months 
(November 2014 until February 2015) the mean value was 4.5 g/kg for the uninhabited SolSpaces building. For a  
mean adsorption enthalpy of 3600 kJ/kgH2O and for an air flow rate of 85 kg/h, corresponding to an air exchange rate 
of the building of 0.74/h, the achievable thermal power is 383 W. The corresponding temperature lift is 16 K.  
It has to be mentioned that humidity is higher in inhabited buildings than in uninhabited buildings, due to 
persons, cooking, showering etc.. Higher humidity leads to higher thermal power output from the sorption store for 
the same mass flow rate. Assuming the humidity to increase 1.5 g/kg for an inhabited building [1], resulting in a 
humidity of 6 g/kg, the thermal power is 510 W for the same air flow rate. The corresponding temperature lift is 
21.5 K. If required, thermal power can be adapted by adapting the air mass flow rate. In any case, but especially for 
higher mass flow rates, a good heat recovery is of particular importance. 
3. Results and discussion 
There are two approaches for the experimental investigation of the sorption store. One is the demonstration of the 
solar heating system and the functionality of the sorption store in an automatic operation. Furthermore special 
experiments under defined conditions shall give a deeper insight into the behaviour of the store, give more precise 
information about the performance and allow a more detailed analysis. Two experiments will be shown in this 
section: the heating up of a segment pair and an adsorption phase. Finally an exemplary operation day will be 
presented. 
3.1. Behaviour and performance of the sorption store 
For testing purposes, i.e. to analyse the uniformity of the flow through the segments, an electrical heater with a 
power of 1 kW was used to heat up the top segment pair of quadrant 1. The insulation at one side wall of the store 
was removed to visualize the temperature front with an infrared camera. The images are shown in Fig. 5. The hot 
air, with an inlet temperature of around 60 °C, is passing through the segments as compared to Fig. 2 with a mass 
flow rate of 125 kg/h. From the images it can be seen that the two segments are heated up uniformly. Only the upper 
0
50
100
150
200
250
300
350
0 2 4 6 8 10 12 14 16 18 20
X
S
/ g
H
2 O
/k
g d
ry
ze
ol
ite
pH2O / mbar
Isotherms of zeolite 13XBF
Load difference ca. 
240 gH2O/kgdry zeolite
Discharging of the sorption store
with extract air from the room at 
approx. 20 °C (adsorption)
Charging of the sorption store at 
approx. 180 °C (desorption) 
15 °C
30 °C
70 °C
100 °C
130 °C
250 °C
350 °C
180 °C
256   Rebecca Weber et al. /  Energy Procedia  91 ( 2016 )  250 – 258 
area of the top segment appears to be slightly warmer, but this is due to thermal conduction from the metal duct that 
runs along the top edges of the store, connecting all four vertical outlet ducts. A homogeneous flow distribution in 
each segment and an equal flow rate through both segments can be derived from this behavior. This is important to 
ensure a uniform discharging in both segments and thereby a high outlet temperature until the end of the adsorption 
process followed by a steep decrease, instead of a continuous decrease in temperature that would occur in case of a 
non-uniform discharging.  
One segment pair and parts of the adjacent segments is equipped with thermocouples. The ad- and desorption of 
this segment pair is outstanding and will give further information about the uniformity of the flow in the segments. 
 
 
   
Time after start:                            1:34 h                                      2:05 h                                     3:14 h                                    4:51 h    
Fig. 5. Infrared camera images of the sorption store (top segment of quadrant 1) during thermal charging 
 
As the start-up of the sorption store operation was in autumn, a desorption with high solar radiation and thereby 
with high temperature could not be tested so far. The charging phase will be operated in next summer. 
A 13 hour extract of an adsorption phase is exemplarily depicted in Fig. 6. The air mass flow rate is 90 kg/h in 
the experiment. Due to the low pressure drop (compare section 2.2) a mass flow rate of 90 kg/h, both in the fresh air 
line and in the exhaust air line, can be realized with a total power consumption of both fans, of only 20 W. The 
humidity difference between inlet and outlet of the sorption store is in the range of 6.3 g/kg and 8.8 g/kg. This leads 
to a temperature rise of 21.8–27.7 K. The thermal power from the sorption store, calculated according to equation 2 
is 790 W on average and decreases to 565 W on average due to the decrease in humidity over time. The calculation 
according to equation 3 gives slightly lower values of 695–550 W. The deviation at the beginning is caused by 
thermal capacities, i.e. the outlet duct that has to be heated up. 
 
         (a)  (b) (c) 
Fig. 6. Measured absolute humidity (a) and temperature (b) at sorption store inlet and outlet and calculated thermal power (c) 
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3.2. Operation of the solar heating system at an exemplary day 
Measurement data for an exemplary day in November is depicted in Fig. 7. The room set temperature during the 
day is 20 °C, in the night it is reduced to 18 °C. As the room temperature is above 18 °C, the operation mode is 
ventilation during the night. At 6 am the room set temperature jumps to 20 °C and heating demand arises, because 
room temperature is 19.4 °C. The adsorption mode starts and the room inlet temperature rises. For 6 minutes the 
adsorption mode is supported by the electrical backup heater (PTC), due to a short decrease in room temperature. 
Few minutes after 8 am room set temperature is reached and operation switches to ventilation. Shortly after 9 am 
there is enough radiation and subsequently a sufficient collector temperature for the heating with collector mode. 
Heating with adsorption is locked above 20 °C, however, heating with collector is still allowed to increase room 
temperature to a more comfortable level. The collector temperature further rises and reaches 50 °C at 10 minutes 
past 10 am. A segment that has already been discharged before is now heated up to be able to use sensible heat at 
night if required. Around 12 pm the operation mode is changed to desorption for two times, but collector 
temperature is not high enough to keep this mode for a long time. As radiation decreases in the afternoon, the 
operation mode switches to heating with collector and with further decreasing radiation finally back to ventilation. 
Ventilation continues until midnight as room temperature does not drop below 20 °C. If the room temperature fell 
below the set temperature during the night or in the next morning, heating could take place with the sensible heat 
from the previously heated segment.  
 
Fig. 7. Temperatures, solar radiation and operation modes modes of the solar heating system at an exemplary day in November  
4. Conclusion 
Within the project SolSpaces a new solar thermal heating system has been developed. The overall objective is to 
supply the energy demand of energy efficient buildings entirely on a solar basis. A sorption store for seasonal 
energy storage is the central element of the solar heating system. The sorption store has been built up in full-scale in 
a research building for testing and demonstration.  
The sorption store contains a volume of 4.3 m3 of zeolite 13XBF grains, which corresponds to an energy storage 
capacity of approximately 700 kWh. To ensure an improved operation behavior and performance of the sorption 
store, the store has been subdivided into smaller segments. Two segments each form a pair, and the resulting 12 
segment pairs can be ad- and desorbed separately. 
Experiments suggest, that the flow through two segments of a segment pair is quite homogeneous, meaning that 
the charging and discharging process takes place simultaneously in both segments, and that the flow distribution is 
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uniform in each segment despite the large cross sectional area. This behavior is required to get a high outlet 
temperature, and therefore a high thermal power, until the end of the adsorption phase. 
The thermal power from the sorption store has been shown to be in the range of 790–565 W during an adsorption 
experiment with 90 kg/h, where humidity difference decreased from 8.8 g/kg to 6.3 g/kg within 13 h.  
If required, thermal power can be adapted by adapting the air mass flow rate. It has to be mentioned that humidity 
is higher in inhabited buildings than in uninhabited buildings. Higher humidity leads to higher thermal power output 
from the sorption store for the same mass flow rate. Furthermore, internal gains through persons and electrical 
devices can be estimated to 200 W for a two-person household [6], so the actual required heat from the solar heating 
system will be lower for an inhabited SolSpaces building. That means that the current operation of the solar heating 
system takes place under more challenging conditions because it is uninhabited.  
A control to run the solar heating system and the sorption store in an automatic operation has been developed and 
implemented. Measurement data for an exemplary day in November has been shown, to demonstrate the 
functionality of the solar heating system. Until now a segment pair had to be chosen manually. A control for the 
selection of a segment will be implemented in the next step. The monitoring of the discharging during the heating 
period will be continued and a charging phase will follow in summer. The storage performance will finally be 
evaluated with data from this longer-term monitoring. 
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